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Resume 
The paper give a brief overview on the effect of grain size on the yield 
strength and the elongation to fracture (ductility) of magnesium alloys. 
The yield stress, flow stress and fracture stress decrese with decreasing 
grain  size.  Few  investigations  has  been  devoted  to  studying  the 
dependence of ductlity on the grain size. No explanation of the reported 
results was given in the literature. We tried to give an empirical model 
describing  ductility  of  Mg  alloys  on  grain  size.  It  is  shown  that  the 
elonation to failure increases with inverse square root of grain size. The 
dependence is accounted for by the activity of non-basal slip systems. 
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1. Introduction 
Magnesium  alloys  have  great  potential 
for many applications owing to their low density 
and  relative  high  specific  strength.  On  other 
hand,  a  rapid  decrease  of  the  strength  at  high 
temperatures  and  low  ductility  at  room 
temperature  limited  their  wider  applications. 
The yield  strength  of  many  metals  and  alloys 
increases with decreasing grain size. Therefore, 
many studies have investigated the influence of 
grain  refinement  on  the  room  temperature 
mechanical properties. The effect of grain size on 
the yield strength of magnesium alloys has been 
reported  in  a  number  of  studies,  e.g.  [1-6]. 
The stress  required  to  the  polycrystal 
deformation  –  the  yield  stress,  σy,  depends  on 
grain  size  according  to  the  well-known  Hall-
Petch relation [7, 8]: 
       σy = σ0 + kyd
-1/2,                        (1) 
where  d  is  the  grain  size  and  σ0  is  a  material 
constant related to a friction stress usually to the 
critical resolved shear stress (CRSS) for the easy 
slip system operating within grain, i.e. the basal 
slip system in Mg and its alloys. The constant ky, 
often call Hall-Petch slope, is a stress intensity 
factor related to the CRSS of the more difficult 
slip  systems  operating  near  grain  boundaries, 
which  is  important  for  transferring  slip  from 
grain to grain. 
 The  effect  of  grain  size  on  the  flow 
stress  and  fracture  stress  may  be  expressed 
similar equations i.e. in the following forms: 
      σε = σ0ε + kεd
-1/2                     (2) 
and 
                   σf = σ0f + kfd
-1/2.                      (3) 
Here σ0ε and σ0f are  material constants; they are 
determined as the stress axis intercept of the best 
fits of the experimental data according to eq. (2) 
and  eq.  (3).  The  values  of  kε  and  kf  may  be 
estimated as the slope of the plot σε and σf against 
d
-1/2,  respectively.  Barnett  et  al.  [4]  and  Cáceres 
et al. [6] have recently reported that the values of ky 
vary  over  a  wide  range.  The  reasons  for  these 
1 Department of Physics of Materials, Faculty of Mathematics and Physics, Charles University in 
  Prague, Ke Karlovu 5, 121 16 Praha 2, Czech Republic 
∗ Corresponding author: e-mail address: lukac@met.mff.cuni.cz P. Lukáč, Z. Trojanová: Influence of grain size on ductility of magnesium alloys 
 
   
 
Materials Engineering - Materiálové inžinierstvo 18 (2011) 110-114 
 
111 
discrepancies  may  be  estimation  of  the  yield 
strength, small differences in chemical composition 
of  solutes,  deformation  mode,  and  texture. 
In compression one has to consider twinning. 
Besides  the  addition  of  Zr  or  a  strain 
anneal method, equal channel angular processing 
(ECAP),  hot  rolling  and  extrusion  are  used  as 
method for refining the grain size. Magnesium 
alloys  processed  by  ECAP  or  hot  rolling 
(in comparison  to  cast)  exhibit  not  only  higher 
yield  stresses  but  also  larger  elongations  to 
fracture, if deformed at room temperature. As to 
authors' knowledge, no studies in the literature 
have dealt with the influence of grain size on the 
elongation  to  fracture.  The  physical  reason  for 
such a grain size effect is not understood. The 
aim of this paper is to summarize the published 
data  concerning  the  effect  of  grain  size  on 
ductility  of  magnesium  alloys  and  to  propose 
a possible explanation. 
 
2. Procedures 
We will try to estimate the values of the 
elongation to fracture from the published stress-
strain  curves.  Details  concerning  the  sample 
preparation, grain size measurement, and strain 
rate are in the cited literature. The fracture strain 
was estimated as the last registered strain.  
 
3. Results and discussion 
 Experiments  published  in  many  papers 
show that eq. (1) describe the grain size effect on 
the  yield  strength,  even  if  there  are  many 
discrepancies in the  values  of  ky  as  mentioned 
above. Cáceres et al. [6] have recently reported 
an  analysis  of  the  experimental  data  on  the 
relationships between the strength and grain size 
in  cast  Mg  and  several  Mg-xZn  binary  alloys 
(x between 0.31 and 2.29 at. %). The specimens 
with a wide range of grain size (between 19 and 
1440  µm)  were  deformed  in  tension  and 
compression at room temperature. The analysis 
shows  that  the  pseudoelastic  effect  should  be 
considered. In this connection it is interesting to 
note that Raeisinia and Agnew [9] were able to 
determine  the  ky  value  for  the  basal  slip  and 
twinning  in  cast  Mg-Zn  alloys  deformed  in 
tension and compression.  
The  strain  hardening  in  magnesium 
alloys, i.e. increase of dislocation density during 
deformation, can modify the Hall-Petch relation 
for the flow and fracture stresses as given in eq. 
(2) and (3), respectively. We have been able to 
find only one source giving comprehensive data 
[1]. Hauser et al. [1] deformed Mg and Mg-2Al 
(in wt. %) with grain size between 26 and 1000 
µm. Tensile tests were carried out over a wide 
temperature range from 77 to 488 K. The yield 
strength and fracture stress were as a function of 
the grain size are given. From the stress-strain 
curves, we were able to determine the elongation 
to fracture, εf. The fracture strain (ductility) of 
both Mg and Mg-2Al increases with decreasing 
grain size. The plot of the fracture strain against 
inverse  square  root  of  grain  size  for  Mg  and 
Mg-2Al are given in Fig. 1 and Fig. 2, respectively.  
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Fig. 1. Fracture strain vs grain size estimated for Mg 
It can be seen that the fracture strain for 
both  Mg  and  Mg-2Al  specimens,  deformed  at 
temperatures  below  400  °C,  as  a  function  of 
grain size may be expressed as 
      εf = ε0 + Kd
-1/2                        (4) 
where ε0 and K are empirical parameters. Below 
we shall show possible physical meanings.  P. Lukáč, Z. Trojanová: Influence of grain size on ductility of magnesium alloys 
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From  Figs.  1  and  2  it  follows  that  the 
parameter  are  dependent  on  the  chemical 
composition  and  testing  temperature.  Figure  3 
illustrates this. One has to expect that the relation 
(4)  cannot  be  applicable  for  specimens  with 
a grain size below 10  m, if deformed at higher 
temperatures.  In  this  case  superplastic 
deformation may take place. A decrease in grain 
size can cause an increase in ductility, as shown 
by Figuereido and Langdon [10]. 
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Fig. 2. Fracture strain vs d
-1/2 estimated for Mg2Al 
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Fig. 3. Temperature dependence of K parameter 
estimated for Mg and Mg2Al 
We did not find, in the literature, any data 
that  enable  us  to  describe  the  grain  size 
dependence of the fracture strain with the help of 
eq.  (4).  Most  authors  dealing  with  improving 
mechanical properties of Mg alloys give mostly 
the  yield  strength  and  ultimate  tensile 
(compression) strength as a function of the grain 
size.  The  grain  refinement  (due  to  extrusion, 
rolling  and/or  severe  plastic  deformation 
methods) causes an increase in the yield strength 
and  in  some  cases  in  the  UTS  as  well.  Some 
authors have reported that the grain refinement 
has a beneficial effect on the tensile ductility of 
alloys,  especially  prepared  by  equal-channel 
angular pressing (ECAP). Thus, Mukai et al. [11] 
have shown that the elongation to failure of the 
ECAP/annealed  AZ31  alloy  exhibited  about 
50%,  which  is  much  larger  than  that  of 
the conventionally extruded alloy if deformed at 
room  temperature.  Zúberová  et  al.  [12]  have 
reported  the  effect  of  the  grain  size  of 
magnesium  alloy  AZ31  prepared  by  different 
process  routes  on  tensile  ductility  at  room 
temperature. The average grain size of samples 
prepared  by  squeeze  casting,  hot  cross  rolling 
and ECAP was 250, 15 and 2.5  m, respectively. 
The corresponding values of tensile elongation to 
fracture were 9.1, 17.5 and 24.0 in %. It most 
cases only qualitative data on the effect of grain 
size  on  the  ductility  of  magnesium  alloys  are 
given. 
We will try to give an explanation of the 
grain size variation of the elongation to fracture. 
Using eq. (1) for the yield stress and eq. (3) for 
the fracture stress, one can deduce the elongation 
to  failure  as  a  function  of  grain  size  in  the 
following form 
  εf = ε0 + [(kf – ky)/h]d
-1/2              (5) 
where h is the mean value of the strain hardening 
rate  and  the  parameter  ε0  =  (σ0f  –  σ0)/h. 
Comparing eq. (5) and eq. (4) one obtains that 
K = (kf – ky)/h. In other words, the fracture strain 
as a function of inverse square root of grain size 
depends on the strain hardening rate, activity of 
non-basal slip systems and materials parameters. 
It  is  known,  that  the  strain  hardening  rate 
decreases with flow stress (strain) and depends 
on  temperature.  The  stress  dependence  of  the 
strain  hardening  rate  may  be  described  by  the 
following equation [13] 
           h = A/(σ – σy) + B – C(σ – σy)          (6) 
where A parameter depends on grain size and/or 
precipitates  (the  grain  boundaries  are  obstacles 
for  moving  dislocations)  and  the  value  of  B 
parameter is determined by the density of forest P. Lukáč, Z. Trojanová: Influence of grain size on ductility of magnesium alloys 
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dislocations.  It  should  be  note  that  the  forest 
dislocation density in Mg alloy polycrystal may 
be  influenced  by  the  activity  of  non-basal  slip 
systems. The A and B parameters contribute to 
hardening. The C parameter characterizes cross 
slip  of  moving  dislocations  and  is  strongly 
dependent  on  temperature  and  strain  rate; 
it contributes  to  softening.  A  decrease  in  the 
strain hardening rate with increasing temperature 
may cause an increase in the value of K – in eq. 
(5)  –  with  increasing  temperature,  which  is 
observed. The stress intensity factor ky depends 
on the CRSS of the more difficult slip systems 
operating  near  grain  boundaries,  which  is 
necessary  for  transferring  slip  from  grain  to 
grain. It may be expressed in the following form 
         ky =  M[M*πGb(2 – ν)τC/(1 – ν)]
1/2.        (7) 
Here  M  is  the  Taylor  factor,  M*  is  Sachs 
orientation  factor  taking  into  account  the 
difference in the grain to grain orientation, G is 
the  shear  modulus,  b  is  the  magnitude  of  the 
Burgers  vector  and  ν  is  Poisson’s  ratio.  τC  is 
linked, in Mg alloys, with the CRSS of non-basal 
slip  systems  required  to  operate  in  order  to 
maintain the strain continuity [14]. The value of 
τC necessary for the activity of a non-basal slip 
system is strongly dependent on temperature; it 
decreases with increasing temperature. It means 
that K in eq. (4) increases as the test temperature 
increase,  which  is  observed  experimentally. 
In other words, the elongation to fracture should 
increase,  which  is  observed.  However,  as  note 
above, fine-grained magnesium alloys deformed 
at higher temperatures may exhibit superplastic 
behaviour.  The  activation  of  non-basal  slip 
systems is a complex function of the solute atom 
concentration. The CRSS of a non-basal slip may 
decrease with increasing concentration of solute 
atoms  in  a  certain  concentration  range  and  at 
certain  temperatures.  A  non-monotonous 
temperature dependence of the CRSS for glide 
in non-basal slip may occur [14]. 
          
The value of kf can be written as 
ky = MπGb
1/2(2 – ν)/8(1 – ν).             (8) 
The value of kf depends on material parameters 
and is weakly dependent on temperature. 
                      
4. Conclusions 
         The fracture strain of Mg and Mg-2Al alloy 
increases  linearly  with  inverse  square  root  of 
grain size at different temperatures. Some results 
in the literature show that the ductility of some 
Mg  alloys  increases  with the  grain refinement. 
The  increase  in  the  fracture  strain  may  be 
connected  with  the  activity  of  glide  in  a  non-
basal slip system and with the strain hardening 
rate influenced by grain size and temperature.   
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